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GRAIN BY CONNECTIONS

– SIMPLE FRACTURE MECHANICS MODELS 
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ABSTRACT: The paper gives a state-of-the-art report on splitting of beams loaded perpendicular to grain by 
connections. Special emphasis is placed on simple analytical models based on fracture mechanics. A new simple model 
is presented, existing models are reviewed and relations between the models are shown, and an existing model is 
generalized in a semi-empirical manner. The treatment of the splitting problem in some timber design codes is also 
reviewed, new test results are presented, and the models and design codes are discussed.   

KEYWORDS: Connections, perpendicular-to-grain loading, splitting, fracture mechanics 
 
 
1 INTRODUCTION 123

Connections loading a beam perpendicular to grain may 
fail either in a ductile manner or cause brittle splitting 
failure in the beam. There is common agreement that the 
ductile failures can be handled in a simple and relatively 
reliable way by means of the European Yield Model [1], 
whereas there still are discussions about how to handle 
splitting failures in a simple and reliable way. This paper 
gives an overview of some simple analytical fracture 
mechanics models currently available and some models 
currently used in design codes, and the appropriateness 
of some aspects of some of these models are discussed 
based on recent test results. 
 
2 BACKGROUND AND THEORY 
The nature of the splitting failure of beams loaded 
perpendicular to the grain makes it natural to apply 
fracture mechanics. For analytical models, the 
compliance method often proves particularly convenient. 
The failure load, Pu, of a linear elastic body loaded by a 
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single force may, by means of simple energy balance 
considerations, be given as [2]:  
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where Gf is the fracture energy, C is the compliance (i.e. 
the deflection of the loading point for a unit load) and A 
is the crack area.  
For illustration of the calculations using Equation (1), a 
beam with a single load is considered as shown in Figure 
1. The loaded edge distance is he, the beam width is b, 
and the length of a developed crack is 2a. It is assumed 
that the crack penetrates the beam through its entire 
width.  
 
 
 
 
 
 
 

Figure 1: Fully fixed beam model

If the part of the beam below the crack is assumed to 
behave like a beam fully fixed at both ends, the 
compliance is given by 
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where E is the modulus of elasticity (MOE) in the grain 
direction, G is the shear modulus, I is the moment of 
inertia, and As is the shear area of the cross section of the 
beam. For a beam with rectangular cross section, As = 
bhe/βs, βs (usually 6/5) being the shear correction factor. 
 
Since the crack is assumed to propagate in both 
directions along the grain as indicated in Figure 1, the 
crack area is A = 2ba and Equations (1) and (2) lead to 
 
 

s

2

e

ef
u

3

22











h
a

E
G

hGbP G          (3) 

 
If the beam is assumed to be simply supported instead of 
fully fixed at the ends, then the factor 3 in the 
denominator of Eq. (3) becomes 12. 
 
Assuming G/E → 0 corresponds to neglecting bending 
deformations and only taking into account shear 
deformations, in which case Equation (3) is reduced to  
 
 

sefu /22 hGbP G          (4) 
 
 
Assuming βs = 1 in Equation (4) leads to the solution 
obtained by [3]. The model in [3] was developed by 
assuming pure shear and the mechanism shown in Figure 
2. It is worth noting that the crack length disappears 
from the equations when only shear deformations are 
considered, due to the fact that the shear compliance is a 
linear function of the crack length. 
 
 
 
 
 
 
 
 

Figure 2: Pure shear failure mechanism

 
A model for analysis of splitting of the bottom rail in 
shear walls was presented in [4]. The model used for a 
horizontal crack in the bottom rail was developed using 
an approach similar to the one shown above, but 
considering a cantilever beam. In case of a bottom rail, 
the crack propagates not along the grain, but across the 
grain. If one neglecs bending deformations, the failure 
load of the bottom rail thus becomes half of the failure 
load as given by Equation (4) (the same value of the 
fracture energy may be used for practical applications, 

but the value of the MOE and the shear modulus will be 
different for cracks propagating along the grain and 
across the grain). 
The model shown in Figure 1 may be further refined by 
introducing rotational springs at the beam ends instead of 
the fully fixed boundary conditions. Such an approach is 
used in [5] for the analysis of end-notched beams. 
However, an appropriate choice of stiffness of the 
rotational springs may not be obvious. 
 
In [6], [7], [8] and [9], a so-called quasi-non-linear 
fracture mechanics model based on a Timoshenko beam 
on a Winkler foundation is used for analysis of splitting 
of beam loaded perpendicular to grain by connections. A 
linear elastic fracture layer is introduced along the 
potential crack path, and the beam with depth he is 
assumed to be connected to the rest of the beam via the 
fracture layer.  
The stiffness of the foundation may in general be 
assumed to consist of elastic perpendicular to grain strain 
in the wood and localized deformations in the fracture 
layer. The linear elastic fracture layer is assumed to have 
the perpendicular to grain tensile strength and mode I 
fracture energy of the wood. It looks as if good results 
can be obtained by considering only the deformations in 
the fracture layer [7]. Neglecting the perpendicular to 
grain strain in the wood and assigning to the fracture 
layer the fracture properties of the wood further results 
in the fact that the compliance method leads to the same 
solution as does a stress analysis. 
In [8] a simply supported beam is considered and the 
effect of the supports is taken into account. In [9] the 
beam-on-elastic-foundation (BEF) model has been used 
for analysis of connections located near the end of a 
beam, i.e. not only the edge distance but also the end 
distance is taken into account. 
The model developed in [7] results for small crack 
lengths (a → 0) in Eq. (5): 
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Notice that Equation (5) leads to Equation (4) for G/E → 
0, i.e. if only shear deformations are considered. Also 
notice that the perpendicular to grain tensile strength, ft, 
appears in Equation (5) and that the failure load is not 
proportional to the square root of the fracture energy, 
two facts that make this solution fall outside the category 
of linear elastic fracture mechanics, thus the term quasi-
non-linear fracture mechanics. 
 
A model as shown in Figure 1 but generalized to having 
linear rotational springs at the supports instead of being 
fully fixed, and at the same time having linear vertical 
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translational springs at the supports, constitutes a general 
linear elastic model, which contains the BEF-models as a 
special case. Assignment of the appropriate spring 
stiffness is, however, not obvious, but automatically 
given in case of the BEF-models. 
 
In Figure 3 is shown a simply supported beam loaded at 
mid-span by a single force. The beam is split and the 
crack length is 2a. The total beam depth is h, and α is 
defined as α = he/h. 
 

Figure 3: Beam structure model

 
The cracked beam is modelled as a beam structure 
(vertical links are assumed to be infinitely stiff). Again 
the compliance method is applied, i.e. the problem is 
essentially one of determining the deflection of the 
loading point for a unit load as a function of the crack 
length, differentiate the function with respect to the 
crack length and use Equation (1). The failure load 
obtained can be written [10]: 
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For G/E → 0, i.e. if only shear deformations are taken 
into account, Equation (7) is obtained. This is also the 
solution obtained in [11].  
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For small edge distances (α → 0) Equation (6) leads to 
Equation (3). 
 
In [12] the model as given by Equation (6) has been 
extended to considering two fasteners (or two point 
loads), but the analysis shows that either the same failure 
load or twice the failure load as obtained for a single 
fastener is predicted depending on whether the crack has 
opened the whole length between the fasteners or not. 
The model used in [12] assumes that the crack(s) 

propagates symmetrically on both sides of a fastener. In 
[13] an attempt has been made to consider asymmetrical 
crack propagation, but the solution does not become 
simple. 
 
The solution given by Equation (6) (and (7)) is the only 
one among those reviewed above, which includes the 
effect of the total beam depth. For edge distances that are 
considerable as compared with the total beam depth, a 
significant error may be introduced by not taking the 
total beam depth into account. However, it is in general a 
safe-side approximation to assume that the edge distance 
is small as compared with the total beam depth. 
 
Virtually, all fractures are in fact mixed mode fractures, 
and one of the disadvantages of the compliance method 
is that it does not provide information on the mixed 
mode ratio. The fracture energy involved in the 
equations above is the mixed mode fracture energy. 
However, the mode I fracture energy of wood is usually 
much lower than the mode II fracture energy (often 
approximately 1/3), and for splitting problems as 
considered here, it is a conservative and in most 
situations good assumption to use the mode I fracture 
energy instead of the mixed mode fracture energy. 
Shear deformations are often dominating in problems 
like those considered here. The analytical models usually 
predict the maximum failure load for a zero crack length, 
and thus the bending deformations become negligible. (It 
may be noticed that tests often show that the maximum 
load in fact is not obtained for a zero crack length. This 
is also in agreement with more advanced finite element 
analyses.) However, the fact that the shear deformations 
are dominating should not lead to the conclusion that 
mode II fracture is dominating. It is the shear 
deformations that give rise to the perpendicular-to-grain 
opening, i.e. mode I fracture, of the crack. This is very 
well illustrated in Figure 2, which shows the pure shear 
failure mechanism considered in [3]. 
 
The models considered so far are all simple analytical 
models derived by means of fracture mechanics. One 
more thing they have in common is that they assume that 
the load is applied in a single point. For most real 
connections, this does not hold true. A few models are 
available that attempt to take into account the effect of 
multiple fasteners or geometrical extension of the 
connection, but all such models seem to be empirical or 
semi-empirical. 
 
The German timber design code [14] uses Equation (8) 
for design against splitting of beams loaded 
perpendicular to grain by connections (refer to Figure 4 
for definitions). 
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Figure 4: Definition of parameters

 
Notice that the German timber design code [14] takes 
into account the number of fasteners across the grain, but 
only the length of the connection along the grain. The 
length of the connection along the grain is related to the 
total beam depth rather than to the loaded edge distance. 
Further notice that the failure load depends on the 
perpendicular-to-grain tensile strength, ft, as the sole 
strength property. 
 
An alternative, rather similar in structure to the one used 
in the German timber design code [14], has been 
proposed in [15]: 
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The failure load for a single fastener, Pu,1, has in [15] 
obviously been taken as a slightly modified version of 
the model presented in [11], i.e. Equation (7). The C1-
factor is given in Equation (7).  

Also Equation (9) takes into account the number of 
fasteners across the grain and the length of the 
connection in the parallel to grain direction, and relates 
this length to the total beam depth rather than the loaded 
edge distance. 
Notice that μN in Equation (9) has been limited to a 
maximum of 2.2. The μ-modification factors used in 
Equation (9) have been determined by fitting to a large 
number of results of tests of beams loaded perpendicular 
to grain by multi-fastener connections. The limit of 2.2 
implies that a connection with two fasteners can lead to a 
failure load of 2.2 times the failure load of a connection 
with a single fastener. Since this implication is contrary 
to normal intuition, it has later been suggested to set the 
limit at 2. 
One of the major differences between Equations (8) and 
(9) is that Equation (8) relies on the perpendicular to 
grain tensile strength as the strength property, while 
Equation (9) relies on the fracture energy. Notice that 
Equation (5) relies on the perpendicular to grain tensile 
strength as well as the fracture energy. 
 
In [16] another empirical equation is proposed for design. 
Here, however, the design proposal has been based on 
finite element simulations of a large number of 
connection configurations. Advanced non-linear fracture 
mechanics has been applied in the finite element analysis. 
The design proposal involves some empirical equations 
for so-called normalized mode I and mode II fracture 
energies in addition to mode I and mode II critical 
energy release rates. Mode II critical energy release rate 
or fracture energy is difficult to determine 
experimentally.  
 
The European [17] and Canadian [18] timber design 
codes have essentially implemented the model presented 
first in [11], i.e. Equation (7). Since Equation (7) was 
derived considering a simply supported beam loaded at 
mid-span, the European timber design code [17] has 
decided to generalize its approach by considering the 
maximum shear force on either side of a connection and 
compare that with half the total splitting failure load as 
given by Equation (7) in order to allow for locations of 
loads other than mid-span. Further, [17] has decided to 
use a constant value (14 N/mm1.5) of the C1-factor 
appearing in Equation (7). The characteristic shear 
capacity, Vu,k, used in [18] is given by Equation (10). 
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3 EXPERIMENTS 
In order to verify the applicability of the above 
mentioned models to the splitting resistance of timber 
products in general and of New Zealand timber products 
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in particular, a testing program was initiated. Tests were 
conducted on simply supported beams loaded 
perpendicular to grain by bolted connections. Douglas fir 
glue-laminated beams and Radiata pine laminated veneer 
lumber (LVL) beams with 45×300 mm2 cross sections 
were tested using 16 mm bolts.  
 
Further, tests were conducted to derive some material 
properties. Among those tests were so-called plate 
specimens [3], [19], which may be regarded as either 
material property tests or tests for characterization of the 
splitting capacity. Tests were conducted on different 
wood species and products. Perpendicular-to-grain 
tensile strength tests and mode I fracture energy tests 
were conducted for the Radiata pine LVL. 
 
3.1 MATERIAL PROPERTY TESTS 
The C1-factor is defined as C1 = (5GGf/3)1/2. However, 
instead of determining C1 by measuring the fracture 
energy and the shear modulus, it may as suggested in 
[19] be derived from tests on plate specimens as shown 
in Figure 5. The horizontal line of symmetry creates a 
situation identical to that in a beam for which h → ∞. 
Setting h → ∞ in Equation (7) leads to:  
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where Pu is the failure load of the plate specimen. 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Plate specimen

Apart from the Radiata pine LVL and Douglas fir glulam 
used for the beam tests, specimens of Radiata pine 
glulam (grade GL8) and Radiata pine sawn timber 
(grades MSG8 and MSG12) were also tested. Two 
different grades of Douglas fir glulam were ordered, but 
the supplier seems to have delivered the same (highest) 
grade. 
 
The results of the plate specimen tests are given in Table 
1 along with the density, MOE and moisture content. 
The characteristic values have been calculated as the 5th-
percentile in a log-normal probability distribution at a 
75% confidence level. 

Table 1:  Density, MOE, moisture content and C1-values
of tested materials 

Species Radiata pine Douglas fir 
Product LVL GL8 MSG8 MSG12 GL8 GL12 
Density  593 - 522 569 516 516 
MOE  15.9 - 9.4 11.5 12.8 13.0 
MC [%] 9 11 16 16 13 12 
Replicates 15 24 36 31 21 12 
C1, mean 22.7 18.4 18.2 19.5 12.4 13.0 
COV [%] 8 16 16 10 15 20 
C1,charact. 19.4 13.9 13.5 16.4 9.0 8.7 
Note: Density in [kg/m3], MOE in [GPa], C1 in [N/mm1.5] 
 
 
For the  Radiata pine LVL, perpendicular-to-grain 
tensile strength and mode I fracture energy tests were 
also conducted. The perpendicular-to-grain tensile 
strength specimen is shown in Figure 6, and the mode I 
fracture energy test specimen is shown in Figure 7. 15 
replicates were tested. The test results are given in Table 
2.  
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Perpendicular-to-grain tensile strength 
specimen

 
 
 
 
 
 
 

Figure 7: Mode I fracture energy specimen

Table 2: Perpendicular-to-grain tensile strength and 
mode I fracture energy of LVL 

 ft [MPa] Gf [N/mm] 
Mean 1.5 0.95 
COV [%] 12 15 
Characteristic 1.2 0.69 

22
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3.2 BEAM TESTS 
Figures 8 and 9 show the Douglas fir glulam and Radiata 
pine LVL beam specimens and test setups, respectively.  
 
Bolts with a diameter of d = 16 mm were used in 17 mm 
holes (both in timber and steel side-plates). For 4d edge 
distances a single bolt was used, but for larger edge 
distances a single bolt causes excessive embedment. 
Thus two closely spaced bolts were used for 8d edge 
distances. For the Douglas fir specimens, a single bolt 
was used for the 4d edge distance, and two different 
configurations of two bolts (either aligned along the 
grain or perpendicular to the grain) were tested for the 8d 
edge distance. For the Radiata pine LVL specimens, two 
closely spaced bolts aligned along the grain were used in 
all tests irrespective of the edge distance. 
The material properties of the Douglas fir glulam and the 
Radiata pine LVL are those reported in section 3.1. 
 
The results of the beam tests are given in Tables 3 and 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Douglas fir beam tests 

 

 
 
 
 
 
 
 
 
 
 

Figure 9: Radiata pine LVL beam tests

 

Table 3: Failure loads of Douglas fir glulam beams 

Specimen he [mm] No. of 
replications 

Pu [kN] 
(mean) 

D-M-4 64 6 9.3 
D-M-8H 128 3 16.8 
D-M-8V 128 3 18.5 
D-Q-4 64 3 9.7 
D-Q-8 128 3 20.1 

Table 4: Failure loads of Radiata pine LVL beams 

Specimen he [mm] No. of 
replications 

Pu [kN] 
(mean) 

R-M-4 64 10 20.4 
R-M-8 128 10 36.6 
R-Q-4 64 10 19.3 
R-Q-8 128 10 37.0 
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4 DISCUSSION 
The C1-factor values given in Table 1 indicate that a 
characteristic value of 14 N/mm1.5 as used in the 
European [18] and Canadian [19] timber design codes is 
too high for Douglas fir and similar wood species often 
use in Europe and North America. This is also the 
conclusion from tests reported in [19]. 
 
The values of the C1-factor given in Table 1 show that 
large differences in splitting capacities, in particular at 
the characteristic level, may be obtained for different 
wood species and wood products. Comparison of the test 
results of the Douglas fir glulam beams and the Radiata 
pine LVL beams show the same thing: A 100% 
difference in splitting capacity may be observed. A 
difference of that magnitude ought to be reflected in 
timber design codes in order not to unfairly discriminate 
against competitive wood species and products. 
 
Table 5 shows the experimentally obtained ratios of 
failure loads of the beams loaded at mid-span to those 
loaded at quarter-span. Due to the approach of 
considering the maximum shear force, the European 
timber design code [17] predicts the ratio to be 1.5. As 
seen from Table 5, the experiments clearly show no 
difference between beams loaded at mid-span and beams 
loaded at quarter-span. The concept of considering the 
maximum shear force rather than the total connection 
load thus seems unjustified, and better agreement with 
experiments is obtained by using Equation (7) for all 
locations of a connection in the span of a simply 
supported beam in spite of the fact that the equation 
theoretically only is valid for beams loaded at mid-span. 
 

Table 5: Experimental ratios of mid-span to quarter-span 
failure loads 

he [mm] Douglas fir 
glulam 

Radiata pine 
LVL     EC5 

64 0.96 1.06 1.5 
128 0.92 0.99 1.5 

Note: EC5: [17] 
 
 
Equation (7) has previously in [19] been shown to give 
predictions in excellent agreement with test results for 
glulam beams if the C1-factor was determined based on 
plate specimen tests. 
Table 6 shows the theoretically predicted failure loads 
using Equation (7) with the C1-factors given in Table 1, 
which have been derived from plate specimen tests. For 
the Douglas fir glulam specimens, a mean value of the 
two C1-values given in Table 1 has been used. Though 
Equation (7) has been derived for a beam loaded at mid-
span, it is in Table 6 also applied to the beams loaded at 
quarter-span since the experiments showed no difference 
in failure loads. 
The predicted failure loads given in Table 6 are seen to 
be in good agreement with the experimental ones, taking 

into account the nature of the splitting and the natural 
scatter in the experimental data. For the Radiata pine 
LVL beams conservative predictions are obtained in all 
cases. 
 
 

Table 6: Failure loads predicted by Equation (7) based 
on plate specimen tests 

Specimen he 
[mm] 

No. of 
replications 

Pu [kN] 
(predicted) Ratio 

D-M-4 64 6 10.3 1.11 
D-M-8H 128 3 17.1 1.02 
D-M-8V 128 3 17.1 0.92 
D-Q-4 64 3 10.3 1.06 
D-Q-8 128 3 17.1 0.85 
R-M-4 64 10 18.4 0.91 
R-M-8 128 10 30.5 0.83 
R-Q-4 64 10 18.4 0.95 
R-Q-8 128 10 30.3 0.83 

Note: Ratio: Predicted/experimental failure load  
 
 
For the Radiata pine LVL, the mode I fracture energy 
was determined as given in Table 2, which allows 
determination of the C1-factor by its definition, C1 = 
(5GGf/3)1/2 if the shear modulus is known. For Radiata 
pine LVL, G = E/20 is usually assumed, i.e. G = 795 
MPa, and the fracture energy was measured to 0.95 
N/mm, i.e. C1 = 35.5 N/mm1.5. 
Using C1 = 35.5 N/mm1.5 instead of C1 = 22.7 N/mm1.5 in 
Table 6, the failure loads Pu = 28.8 kN and 47.7 kN are 
obtained instead of Pu = 18.4 kN and 30.3 kN, 
respectively. The use of plate specimens for 
determination of the C1-factor thus seems to lead to 
significantly better and more conservative predictions 
than direct determination based on the measured fracture 
energy. 
 
For the Radiata pine LVL beams, the fracture energy 
was determined directly by testing as shown in Figure 7. 
An apparent value of the fracture energy may also be 
derived from the plate specimen tests as Gf = 3C1

2/5G. 
While the direct measurement leads to Gf = 0.95 N/mm, 
the apparent value derived from the plate specimens 
becomes 0.39 N/mm. 
In Table 7 are the predicted to experimental failure load 
ratios given using Equations (3) through (7) for the two 
different estimates of the fracture energy. It is seen from 
Table 7, that the predicted failure loads are all 
conservative if using the apparent fracture energy as 
derived by means of the plate specimens. Equations (6) 
and (7) produce good results, while the rest produce far 
too conservative predictions. If using the proper 
measured value of the fracture energy, Gf = 0.95 N/mm, 
Equations (6) and (7) lead to significantly unsafe 
predictions, while the rest lead to acceptable predictions. 
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Table 7: Predicted to experimental failure load ratios for 
Radiata pine LVL beams  

Specimen Eq.(3) Eq.(4) Eq.(5) Eq.(6) Eq.(7) 

R-M-4* 0.68 0.68 0.66 0.90 0.90 
R-M-8* 0.54 0.54 0.55 0.83 0.83 
R-Q-4* 0.72 0.72 0.69 0.95 0.95 
R-Q-8* 0.53 0.53 0.55 0.83 0.83 
R-M-4** 1.06 1.06 0.92 1.41 1.41 
R-M-8** 0.84 0.84 0.79 1.30 1.30 
R-Q-4** 1.12 1.12 0.97 1.49 1.49 
R-Q-8** 0.83 0.83 0.78 1.29 1.29 

Note: *: Gf from plate specimens. **: Measured Gf 
 
Only Equations (6) and (7) take into account the beam 
depth, while the rest of the models are limited to 
situations where the edge distance is small as compared 
with the beam depth.  
It is noticed that Equation (5) leads to the linear elastic 
fracture mechanics solution Pu = Pu, LEFM = 2bC1(he)1/2 
for ft → ∞. This is exactly the same solution as obtained 
from Equation (7) for he/h → 0. A semi-empirical 
generalization may therefore be made of Equation (5) by 
using Equation (7) instead of Pu, LEFM = 2bC1(he)1/2, i.e. 
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Equation (12) thus contains Equations (5) and (7) as 
special cases and produces for LVL (E = 15.9 GPa, G = 
E/20, ft = 1.50 MPa, Gf = 0.95 N/mm) the predicted to 
tested failure load ratios as given in Table 8. The 
predicted failure loads are in excellent agreement with 
the test results, but further comparisons are needed for 
other wood species and products to firmly conclude 
whether Equation (12) is appropriate.   
 

Table 8: Predicted to experimental failure load ratios for 
Radiata pine LVL beams using Equation (12) 

Specimen Equation (12) 

R-M-4 1.04 
R-M-8 1.04 
R-Q-4 1.10 
R-Q-8 1.03 

 
 
Notice that Table 7 has been computed using a = dh/2, 
where dh is the diameter of the bolt hole, i.e. dh = 17 mm 
in the equations involving the crack length. 

A basic limitation to application of linear elastic fracture 
mechanics is that the fracture process zone must be small 
as compared with the crack length. This assumption is 
often not fulfilled in the problems considered here. The 
models involving the crack length may be modified as 
suggested in [10] by using a minimum crack length as 
given by Equation (13). The modified crack length to 
account for the fracture process zone is determined based 
on non-linear fracture mechanics analyses using the 
finite element method [2]. 
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Perpendicular to grain tensile strength of wood is known 
to show size effect. It is therefore not obvious what value 
of the perpendicular to grain tensile strength is 
appropriate for use in fracture problems, where the crack 
path is more or less pre-determined. Further, the 
perpendicular to grain tensile strength depends 
significantly on the testing standard applied. 
In [20] a perpendicular to grain tensile strength of ft = 3 
MPa and a mode I fracture energy of Gf = 0.20 N/mm is 
used for Scots pine with a density of 520 kg/m3 and a 
moisture content of 12%. 
In [21], Radiata pine sawn timber is reported to have 
significantly higher perpendicular to grain tensile 
strength than Radiata pine LVL. The same is reported in 
[22] for (predominantly) Southern pine, and here LVL is 
also reported to have significantly higher fracture energy 
than sawn timber. 
In the present paper, ft = 1.5 MPa and Gf = 0.95 N/mm 
was determined by testing of Radiata pine LVL with a 
density of 593 kg/m3 and a moisture content of 9%. 
According to the German timber design code [14] 
(Equation (8)), the splitting failure load is proportional to 
the perpendicular to grain tensile strength, and sawn 
timber should thus have significantly higher splitting 
capacity than LVL. This is in contrast to the test results 
given in Tables 1, 3 and 4. The measured mode I fracture 
energy of the Radiata pine LVL is significantly higher 
than values normally reported for softwood, and the 
splitting capacity of the Radiata pine LVL is found to be 
significantly higher than that of glulam and sawn timber. 
This seems to suggest that fracture energy rather than 
perpendicular to grain tensile strength affects the 
splitting capacity, and thus favours fracture mechanics 
approaches. 
It should, however, be noticed that different testing 
standards lead to significantly different values of the 
perpendicular to grain tensile strength, and consistency 
may be present if appropriate testing standards are 
applied consistently. 
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5 CONCLUSIONS 
A number of simple analytical models based on fracture 
mechanics for analysis of splitting of beams loaded 
perpendicular to grain by connections have been 
reviewed, and relations between the different models 
have been pointed out.  
 
The model first presented in [11] (Equation (7)) and 
adopted in [17] and [18] is the only one among the 
available analytical models, which includes the effect of 
the total beam depth, an effect known to be present and 
significant. The model seems to produce excellent 
predictions if the material input (C1) is determined by 
means of so-called plate specimens, while the agreement 
with tests seems to be poor if the material input data is 
determined directly by measurement of the mode I 
fracture energy.  
Other fracture mechanics models seem to give fair 
predictions of the splitting failure load if using the 
measured mode I fracture energy as input, but most of 
these models do not take into account the effect of the 
total beam depth. 
A semi-empirical generalization of a quasi-non-linear 
fracture mechanics model based on a Timoshenko-beam 
on a Winkler-foundation is proposed. The generalized 
model includes as a special case Equation [7], which 
properly takes into account the influence of the beam 
depth and which forms the basis of the European [17] 
and Canadian [18] timber design codes. The generalized 
model gives excellent predictions for the tests presented, 
but its general validity still remains to be proved. 
 
It seem that the European [17] and Canadian [18] design 
codes use too high values of the material properties for 
wood species and products commonly used in Europe 
and North America. Further, the European and Canadian 
timber design codes [17], [18] use a splitting equation, 
which predicts a constant splitting capacity irrespective 
of wood species and product. Tests show that large 
differences (approximately 100%) in splitting capacities 
may be obtained depending on species and products. 
Differences of that magnitude should be reflected in 
timber design codes in order to allow for fair market 
competition. 
 
The German timber design code [14] predicts a splitting 
strength proportional to the perpendicular-to-grain 
tensile strength of the wood. However, some literature 
sources report significantly lower perpendicular-to-grain 
tensile strength of for instance LVL than glulam and 
sawn timber, but splitting tests show higher splitting 
capacity of the LVL than the glulam and sawn timber. A 
part of the confusion may be due to the fact that different 
testing standards have been used for determination of the 
perpendicular-to-grain tensile strength. This point should 
be clarified in future research. 
 
Finally, it can be concluded that the approach of 
considering the maximum shear force, as adopted in the 
European timber design code [17], is faulty. Tests 

presented in this paper clearly show the important fact 
that the location of a connection in the span of a simply 
supported beam does not affect the splitting capacity.  
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